Rotary ATPases couple ATP synthesis or hydrolysis to proton translocation across a membrane. However, understanding proton translocation has been hampered by a lack of structural information for the membrane-embedded a subunit. The V/A-ATPase from the eubacterium Thermus thermophilus is similar in structure to the eukaryotic V-ATPase but has a simpler subunit composition and functions in vivo to synthesize ATP rather than pump protons. We determined the T. thermophilus V/A-ATPase structure by cryo-EM at 6.4 Å resolution. Evolutionary covariance analysis allowed tracing of the a subunit sequence within the map, providing a complete model of the rotary ATPase. Comparing the membraneembedded regions of the T. thermophilus V/A-ATPase and eukaryotic V-ATPase from Saccharomyces cerevisiae allowed identification of the α-helices that belong to the a subunit and revealed the existence of previously unknown subunits in the eukaryotic enzyme. Subsequent evolutionary covariance analysis enabled construction of a model of the a subunit in the S. cerevisae V-ATPase that explains numerous biochemical studies of that enzyme. Comparing the two a subunit structures determined here with a structure of the distantly related a subunit from the bovine F-type ATP synthase revealed a conserved pattern of residues, suggesting a common mechanism for proton transport in all rotary ATPases.
Rotary ATPases couple ATP synthesis or hydrolysis to proton translocation across a membrane. However, understanding proton translocation has been hampered by a lack of structural information for the membrane-embedded a subunit. The V/A-ATPase from the eubacterium Thermus thermophilus is similar in structure to the eukaryotic V-ATPase but has a simpler subunit composition and functions in vivo to synthesize ATP rather than pump protons. We determined the T. thermophilus V/A-ATPase structure by cryo-EM at 6.4 Å resolution. Evolutionary covariance analysis allowed tracing of the a subunit sequence within the map, providing a complete model of the rotary ATPase. Comparing the membraneembedded regions of the T. thermophilus V/A-ATPase and eukaryotic V-ATPase from Saccharomyces cerevisiae allowed identification of the α-helices that belong to the a subunit and revealed the existence of previously unknown subunits in the eukaryotic enzyme. Subsequent evolutionary covariance analysis enabled construction of a model of the a subunit in the S. cerevisae V-ATPase that explains numerous biochemical studies of that enzyme. Comparing the two a subunit structures determined here with a structure of the distantly related a subunit from the bovine F-type ATP synthase revealed a conserved pattern of residues, suggesting a common mechanism for proton transport in all rotary ATPases.
cryo-EM | evolutionary covariance | V-ATPase | V/A-ATPase | structure V acuolar H + -ATPases (V-ATPases) are large membrane protein complexes responsible for the acidification of intracellular compartments in eukaryotes. These complexes are essential for processes including receptor-mediated endocytosis, coupled transport, and lysosomal degradation (1) . V-ATPases localize to the plasma membrane of some specialized cells where they participate in bone resorption by osteoclasts (2) and urine acidification by the α-intercalated cells of the kidney (3) . Malfunction or misregulation of these enzymes results in numerous disorders, including osteopetrosis (4) and renal tubular acidosis (5, 6) . Expression of V-ATPases on the surfaces of some tumor cells results in increased tumor invasion and metastasis (7) . The V/A-ATPase from the thermophilic eubacterium Thermus thermophilus is homologous to the eukaryotic V-ATPase and has a similar overall structure, but is smaller and simpler and functions in vivo as an ATP synthase. V-and V/A-ATPases have similar subunit folds and arrangements of subunits (8) (9) (10) (11) . The simplified architecture and superior stability of the T. thermophilus V/A-ATPase make it an ideal model to study the structure and function of V-ATPases. Both enzymes are composed of a soluble V 1 catalytic region and a membrane-embedded V O region. The V/A-ATPase subunits I, L, and C in T. thermophilus are homologous to the a, c, and d subunits in eukaryotic V-ATPases, respectively, and, for clarity, the eukaryotic subunit names are used here. With this convention, the T. thermophilus V/A-ATPase contains subunits A 3 B 3 DE 2 FG 2 ac 12 d whereas the eukaryotic V-ATPase from Saccharomyces cerevisiae contains subunits A 3 B 3 CDE 3 FG 3 Hac x c′ y c″ z de, with x, y, and z denoting unknown stoichiometries (Fig. S1 ). Uppercase letter names indicate components of the V 1 region, and lowercase letters denote components of the V O region. The V 1 and V O regions are connected by a central rotor subcomplex (subunits D, F, d, and the c-ring) and heterodimeric peripheral stator subcomplexes (subunits E and G). The V O region couples the transport of protons across the membrane to the rotation of the central rotor whereas the V 1 region couples the rotation of the central rotor to ATP synthesis or hydrolysis. In the T. thermophilus V/A-ATPase, the V O region is embedded in the plasma membrane and the V 1 region is in the cytoplasm, with protons flowing from the periplasm to the cytoplasm during ATP synthesis.
High-resolution crystal structures are available for nearly all subunits of the T. thermophilus V/A-ATPase (10, 12, 13) or for close homologs from other organisms (14, 15) . However, no crystal structure exists for the membrane-integral C-terminal domain of the a subunit. The a subunit contacts the membraneembedded c 12 -ring, and together the a and c subunits transport protons through the complex and cause rotation of the central rotor. A popular model for proton transport involves two offset half-channels present at the a/c subunit interface (9, 16, 17) . In this model, a periplasmic half-channel shuttles protons from the periplasm halfway across the membrane to the conserved E63 residue of one of the c subunits. Protonation by the periplasmic half-channel neutralizes the charge of the glutamate residue, allowing the c 12 -ring to rotate away from the a subunit so that the glutamate residue is placed into the hydrophobic environment of
Significance
In cells, chemical energy is interconverted with electrochemical ion gradients across membranes for numerous processes. Three of the most significant enzymes that carry out this conversion are known as rotary ATPases because ion translocation is coupled to the synthesis or hydrolysis of ATP by rotation of part of the enzyme. These protein assemblies are the closely related eukaryotic V-ATPases and bacterial or archaeal V/AATPases, and the more distantly related F-type ATP synthases. Understanding of rotary ATPases has been limited by not knowing the structure of the subunit that couples ion translocation to rotation. Here, we determine the structure of this subunit for two of the three types of rotary ATPases, identifying a conserved architecture and mechanism in all three enzymes. the lipid bilayer. Rotation of the ring delivers a protonated glutamate residue from within the lipid bilayer to a cytoplasmic half-channel where the residue releases its proton into the cytoplasm.
Previous maps of the V/A-ATPase from cryo-EM have shown that the contact between the a subunit and c 12 -ring is small (9, 18) . Cryo-EM of the S. cerevisiae V-ATPase has also shown that where the a subunit contacts the c-ring it is composed of two long and highly tilted α-helices (8) . Cryo-EM and low-resolution X-ray crystallography have resolved these long and tilted α-helices in the F-type ATP synthase from the algae Polytomella sp. (19) , the mammal Bos taurus (20) , and the bacterium Paracoccus denitrificans (21) . Identification of covarying pairs of residues in the sequences of homologous proteins, also known as evolutionary couplings, can identify pairs of residues that are likely to interact physically (22) (23) (24) (25) . A model was proposed for the a subunit from the mammalian ATP synthase using data from evolutionary covariance in conjunction with the cryo-EM density map (20) . This atomic model of the B. taurus ATP synthase a subunit was shown to be accurate by an X-ray crystallography model of the a subunit from P. denitrificans that was published almost simultaneously with the B. taurus model, but which was not available when the modeling was done (21) .
In the work described here, we calculated a cryo-EM map of the intact T. thermophilus V/A-ATPase at 6.4 Å resolution and built a model of the membrane-embedded a subunit into the map with constraints from evolutionary covariance (22) . Using information from the V/A-ATPase a subunit map and model, we also generated a model of the homologous a subunit from the S. cerevisiae V-ATPase, which shows that there are unidentified subunits in the V O region of the eukaryotic V-ATPase. Numerous biochemical studies of the S. cerevisiae V-ATPase support these a subunit models. Comparison of the a subunit models from the V/A-ATPase, V-ATPase, and F-type ATP synthase reveals similarities in positioning of several conserved residues despite large differences in the sequence and overall fold of the F-type enzyme. These models of the membrane-embedded a subunits in V/A-, V-, and F-type enzymes suggest a path for protons through the membrane-embedded regions and several key residues involved in the process.
Results
Structure of the V/A-ATPase. Samples of T. thermophilus V/A-ATPase were purified and imaged by cryo-EM as described previously (18) with slight modifications (Methods). A map of the enzyme at 6.4 Å resolution was calculated from 197,178 particle images ( Fig. 1A and Fig. S2 ). Estimation of local resolution in the map indicated that the V 1 region is better resolved than the V O region (Fig. S2D) , as observed previously for the eukaryotic V-ATPase (8) . Analysis of image tilt pairs (Fig. S3) showed an image alignment accuracy similar to the accuracy seen with T. thermophilus V/A-ATPase data collected on photographic film (26, 27) . Available crystal structures (10, 12, 13) and homology models (14, 15) were fit into the V/A-ATPase map using molecular dynamics flexible fitting (MDFF), showing that the enzyme complex adopts the same rotational state as seen in previous maps (9, 18) (Fig. 1A) . This rotational state has the central rotor positioned so that the F subunit is almost equidistant to the two peripheral stalks.
Cryo-EM Maps Show the Architecture of the a Subunit. The cryo-EM map of the V/A-ATPase shows clearly the arrangement of all eight membrane-embedded α-helices in the a subunit as elongated densities ( Fig. 1 A, green density, and B). This a subunit map segment can be compared with homologous subunits in the V-ATPase and F-type ATP synthase, which display similar features despite limited sequence conservation. To increase the local resolution of the V O region in the S. cerevisiae V-ATPase map (8) , six different maps of this enzyme in different rotational states and with different cofactors bound (Methods) were aligned by their a subunits and averaged (Fig. 1C) . The a subunit in all three enzymes contains two long, tilted α-helices forming a hairpin that contacts the c-ring ( Fig. 1 B-D, Upper, magenta arrows). Both the V/A-and V-ATPase a subunits each have four slightly tilted and nearly parallel α-helices located adjacent to this hairpin, in the same location and at a similar angle to a second hairpin of α-helices in the F-type ATP synthase a subunit ( Fig. 1 B-D, Lower, violet arrows). Furthermore, all three rotary ATPases also contain two parallel α-helices, perpendicular to the membrane, near the periplasmic end of the hairpin that contacts the c-ring ( Fig. 1 B-D, Lower, brown arrows). In the F-type ATP synthase, these two α-helices are not from the a subunit, but are part of the b subunit. Every α-helix in the V/A-ATPase a subunit has a corresponding α-helix in the V-ATPase ( Fig. 1 B and C, green density). However, the S. cerevisiae V O region also contains density not found in the T. thermophilus V/A-ATPase. A density in the V-ATPase, likely consisting of one or two α-helices perpendicular to the membrane and distal to the c 10 -ring, is located in the same position as the N-terminal α-helix of the F-type ATP synthase a subunit ( Fig. 1 C and D, red density). An additional membrane-spanning density is also present abutting the a subunit in the yeast V-ATPase that has no equivalent in the other maps (Fig. 1C , orange density). In addition to the c 10 -ring and subunit a, the only other proposed subunit in the V O region of the S. cerevisiae V-ATPase is subunit e, which is not necessary for proton translocation in vitro (28) . The discovery of membrane-protein subunits in the cryo-EM map of the V-ATPase is not surprising. The two additional densities seem to be transmembrane proteins without obvious soluble regions. Hydrophobic proteins often do not stain well in SDS/PAGE and lack the Lys and Arg residues needed for identification of proteins with trypsin digestion and mass spectrometry, and hydrophobic peptide fragments from proteins may bind irreversibly to the chromatography columns used in the preparation of mass spectrometry samples. For these reasons, novel membrane-protein subunits continue to be detected for large hydrophobic protein complexes, such as the mitochondrial ATP synthase and complex I, despite many decades of study (29, 30) . V-ATPase subunit mutations often cause the slow-growing VMA phenotype in yeast, allowing for identification of V-ATPase subunits from the phenotype of cells where they are mutated. However, mutation of subunits that are not essential for the protonpumping activity of the enzyme would not be expected to cause this phenotype. It is unlikely that the additional densities are derived from a portion of the a subunit that re-enters the lipid bilayer because no suitably positioned loop is both long and hydrophobic enough to form an additional transmembrane α-helical hairpin. Also, extensive biochemical labeling experiments have determined that this subunit consists of eight membrane-embedded α-helices (31). It is possible that one of these densities corresponds to the e subunit that was not detected in the study that determined that it is not necessary for proton pumping in vitro (28) . However, it remains undetermined what proteins give rise to the additional densities in the V O region of the eukaryotic V-ATPase.
Model of the T. thermophilus a Subunit. We constructed a model for the C-terminal domain of the T. thermophilus V/A-ATPase a subunit using the 6.4-Å cryo-EM map and constraints from evolutionary covariance analysis. Analysis of evolutionary covariance in the N-terminal domain of the Meiothermus ruber V/A-ATPase a subunit (Fig. S4A) , where a crystal structure is known (15) , demonstrates a sufficient number of available sequences to obtain structural insight for the V/A-ATPase a subunit. Covarying residues were identified for the membraneintegral domain of the T. thermophilus V/A-ATPase subunit a and the 100 highest-scoring evolutionary couplings were included in the structural analysis as constraints (Fig. S4B) . A model was created for the domain that minimized the distance between predicted coevolving pairs of residues in the membraneembedded α-helices. Loops connecting these α-helices were modeled with Rosetta (32, 33). The resulting model ( Fig. 2A , and Movie S1) has its C terminus on the cytoplasmic side of the membrane, near the link between the N-and C-terminal domains of the protein. The N-terminal α-helix ( Fig. 2A , α-helix 1, blue) extends from the cytoplasmic surface partway into the expected position of the lipid bilayer, slightly tilted with respect to the membrane, before returning to the cytoplasmic surface in a second α-helix ( Fig. 2A , α-helix 2) perpendicular to the membrane. This second α-helix is closely associated with, and antiparallel to, the third transmembrane α-helix ( Fig. 2A, α-helix 3) . The next three α-helices ( Fig. 2A , α-helices 4-6) are slightly tilted with respect to the expected plane of the lipid bilayer, and the final two α-helices ( Fig. 2A , α-helices 7 and 8) form the tilted α-helical hairpin in contact with the c 12 -ring. α-helices 1 through 6 form an N-terminal layer distal to the c 12 -ring whereas α-helices 7 and 8 form the C-terminal hairpin that contacts the c 12 -ring. This model places the conserved and essential R563 (34) (Fig. 2A, brown sphere) near the center of the C-terminal hairpin in the same approximate position as was seen for the essential arginine in the B. taurus F-type ATP synthase (20) .
Model of the S. cerevisiae a Subunit. Like the T. thermophilus V/AATPase a subunit, the V-ATPase a subunit has been predicted to contain eight membrane-embedded α-helices (31). Aligning the a subunit sequences from the T. thermophilus V/A-ATPase and S. cerevisiae V-ATPase reveals 16% identity and 32% similarity (Fig. S5) . Given that the S. cerevisiae and T. thermophilus a subunits are expected to have the same fold with the same number of transmembrane α-helices, a model for the S. cerevisiae a subunit was created (Fig. 2B) incorporating evolutionary covariance constraints and using only the α-helical densities that were present in both the V-ATPase and V/A-ATPase maps (Fig.  2C , Lower, red lines, Fig. S4C , and Movie S2). Aligning both a subunit sequences showed that the placement of transmembrane α-helices largely overlaps, mostly in areas with high sequence similarity (Fig. S5) . Despite both proteins containing the same number of transmembrane α-helices, the V-ATPase a subunit C-terminal domain sequence is 128 residues longer then the V/A-ATPase a subunit. This difference in length is partly due to differing α-helix lengths, but mostly because of the presence of large, membrane-extrinsic loops found only in the eukaryotic enzyme. The presence of a large cytoplasmic loop in the V-ATPase a subunit consisting of residues 655-707, which includes long stretches of charged residues, is a significant difference between the two enzymes ( Fig. 2C , dashed orange circle). Furthermore, of the 200 covarying pairs of residues initially used to build the V-ATPase a subunit model, 94 are within this loop. This strong evolutionary covariance suggests an important role for the loop in V-ATPase function (24) . The existence of covariance in this loop region would not be expected to affect the detection of covariance in the rest of the subunit. Considering its placement near the cytoplasmic half-channel, this highly charged loop may modulate the a subunit's affinity for protons entering the V O region from the cytoplasm, a role that is not required in F-type ATP synthase or V/A-ATPase enzymes. V-ATPase activity is modulated by reversible dissociation of the V 1 and V O regions (35, 36) , and different isoforms of the eukaryotic V-ATPase a subunit target the enzyme to specific cellular locations (37) . The loop differs significantly between the two S. cerevisiae isoforms of the a subunit, Vph1p and Stv1p, which have an overall sequence identity of 50%, but only 15% sequence identity within this loop. Thus, this region of the a subunit may be responsible for modifying the activity or regulation of the different subunit isoforms to fulfill the varying roles of V-ATPase in different cellular compartments. Although there are eight constraints between the "layers" of the S. cerevisiae V-ATPase a subunit shown in Fig. 2B , only the proposed fold for the subunit is able to simultaneously satisfy the majority of these constraints between layers and the other constraints considered.
Rotational States of the T. thermophilus V/A-ATPase. Other than the linker between the soluble N-terminal domain and membraneembedded C-terminal domain of the a subunit, this a subunit model gives, to our knowledge, the first complete atomic model of the T. thermophilus V/A-ATPase (Fig. 3A) . Difference maps between the atomic model and the experimental map show that the only density missing from the model is the detergent micelle, the a subunit linker region, and density that corresponds to the N and C termini of the A and B subunits (Fig. S6 , green density) that are missing in the V 1 crystal structure (12) . Three-dimensional classification of the data used to obtain the V/A-ATPase map also identified a small, and likely inhomogeneous, subpopulation of images that yielded a map in a second rotational state (Fig. 3F) . The second conformation differs from the first by an ∼120°rotation of the central rotor, clockwise when viewed from the V 1 region toward the V O region (Fig. 3 B and D loose, and open conformations of the AB pairs ( Fig. 3 C and E, arrows). Other than these differences, comparison of the two states reveals only minor conformational changes in individual subunits, suggesting little flexibility in the enzyme as a whole (Movie S3). The T. thermophilus V/A-ATPase thus seems to be relatively rigid compared with the S. cerevisiae V-ATPase (8) Numerous studies, many by Forgac and coworkers, have investigated the topology, function, and subunit arrangement of the S. cerevisiae V-ATPase V O region (31, 34, (38) (39) (40) (41) (42) (43) (44) . The model of the a subunit presented here is in excellent agreement with these studies. First, the model agrees well with experiments that probed topology and accessibility of the a subunit by labeling residues mutated to cysteine to define them as luminal, membrane-embedded, cytoplasmic, or at the cytoplasmic border (31, 38, 39) (Fig. 4A) . All of the locations of residues identified by these studies are consistent with their locations in the model presented here. Some residues identified as luminal or on the cytoplasmic border seem to be within the lipid bilayer in Fig. 4A . It is possible that the labeling of residues past the membrane border is the result of the aqueous channels that allow proton transport by the subunit. By identifying mutations that reduce V-ATPase activity, previous work has also defined the a subunit residues likely involved in proton translocation (31, 34, 40, 41) . Our model of the a subunit places the identified residues either between or near the critical E137 residue of the two adjacent c subunits (Fig. 4B) . Most of the amino acids identified are in the ring-contacting α-helices 7 and 8, except for two highly conserved membrane-embedded aspartate residues: D425 on the short linker connecting α-helices 1 and 2, and D481 on α-helix 3. In addition, cysteine-mediated cross-linking has helped define the location of specific a subunit residues in relation to the c′ subunit (42) . These cross-linking results also agree well with the proposed a subunit model (Fig. 4C) , with distances between cross-linked residues of 6.4 Å to 17 Å. Finally, studies of the a and c subunits identified residues that, when mutated, can lead to partial resistance to bafilomycin, an inhibitor of V-ATPases. Single and double mutants were made in the c subunit of Neurospora crassa, a mold whose c subunit sequence is 79% identical to that of the S. cerevisiae c subunit (43) . Ten residues were proposed to participate in bafilomycin binding, all of which are conserved in S. cerevisiae. In addition, three a subunit residues were identified in S. cerevisiae where mutation conferred bafilomycin resistance (44) . Visualizing these residues together suggests a binding site for bafilomycin between two c subunits accessible from the cytoplasm through the a subunit (Fig. 4D ).
Discussion
The similarities between the a subunit structures presented here and previously (20) allow us to identify conserved features in these subunits from the three types of rotary ATPases, suggesting a model for proton translocation. All rotary ATPases include an essential membrane-embedded arginine residue in the a subunit: R563 in the T. thermophilus V/A-ATPase, R735 in the S. cerevisiae V-ATPase, and R159 in the B. taurus F-type ATP synthase (34, 45) . The three models of different a subunits show that a similar arrangement of residues surround the essential arginine near the c subunit α-helices in all three proteins (Fig. 5 A-C) . Mutation of these residues in the yeast V-ATPase has been shown to decrease enzyme activity (31, 40) . One c subunit α-helix is close to a conserved pair of residues in the a subunits where one residue has an acidic side chain and the other bears a hydroxyl group: E550/T553 in V/A-ATPase, E721/S728 in V-ATPase, and E145/S148 in F-type ATP synthase (Fig. 5 A-C, orange) . Another c subunit is close to the basic residue H616 in V/A-ATPase, H743 in V-ATPase, and H168 in F-type ATP synthase (Fig. 5 A-C, blue). These histidines are located on the penultimate ring-contacting α-helix in the V-ATPase and bovine F-type ATP synthase, but on the C-terminal α-helix in the T. thermophilus V/A-ATPase. In the bovine F-type ATP synthase and yeast V-ATPase, the histidine is in close proximity to a glutamate on the C-terminal α-helix that is implicated in proton transport (E789 and E203, respectively). However, this additional glutamate is not present in the V/A-ATPase a subunit, possibly because membrane proteins from thermophilic organisms generally have fewer membraneembedded charged residues (46) . The Escherichia coli F-type Experiments determining accessibility of amino acids defined residues as residing in the cytoplasm (purple spheres), at the cytoplasmic border (pink spheres), in the lumen (red spheres), or within the membrane (orange spheres) (31, 38, 39) . Approximate membrane borders are shown in gray. (B) Mutagenesis of residues (brown spheres) severely reduces activity in the V-ATPase: D425, D481, E721, S728, R735, E789, S792, H796, R799, and H801 (31, 34, 40, 41) . Two adjacent c subunits are shown (transparent magenta ribbon) bearing the essential E137 (red spheres).
(C) Cysteine-mediated cross-linking (red lines) of one c′ subunit (magenta) to subunit a (green) (42) . (D) Residues that, when mutated (blue spheres) in the c subunit (T32, T39, L50, I54, V57, G61, L131, F135, L139, and Y142) and a subunit (E721, L724, and N725), give partial resistance to bafilomycin (43, 44) . The positions of these residues suggest a binding site for bafilomycin between two adjacent c subunits (pink and magenta) that is accessed via the a subunit (green ribbon). (Scale bars: 25 Å.)
ATP synthase possesses this pair of charged residues (E219 and H245) with positions that indicate that the histidine is on the C-terminal α-helix as in the T. thermophilus enzyme. In the E. coli enzyme, the mutations E219H and H245E decrease enzyme activity significantly whereas the double mutant E219H/ H245E has much less of an effect, suggesting a functional interaction for these residues that is insensitive to which α-helix bears which residue (47) . In two α-helices distal to the c-ring, adjacent to the conserved histidine, there are two membraneembedded acidic residues: D365/E426 in V/A-ATPase and D425/ D481 in V-ATPase ( Fig. 5 A and B, blue) . In the F-type ATP synthase, the a subunit does not provide a pair of acidic residues, but the b subunit places the conserved residues E16 and E23 in similar positions relative to H168 (Fig. 5C, cyan) . We propose that the two offset half-channels in each enzyme involve residues conserved across species and the different types of rotary ATPase. We illustrate this proposed path for protons with the S. cerevisiae V-ATPase (Fig. 5D) . The cytoplasmic halfchannel is partly formed by E721 and S728. This half-channel is at least partially accessible from the cytoplasm, as predicted by E721C being identified at the cytoplasmic border. In fact, all residues that have been identified on the cytoplasmic border are clustered around this cytoplasmic half-channel (Fig. 4A , pink spheres), suggesting that this region forms an aqueous pore accessible to small labeling molecules such as N-ethylmaleimide, but not larger ones like polyethylene glycol maleimide (31) . Furthermore, E721 likely participates in bafilomycin binding, suggesting that bafilomycin could inhibit proton transport by blocking the cytoplasmic half-channel. The long and highly charged loop near this half-channel may modulate the function of the cytoplasmic half-channel. The luminal half-channel includes H743 in the C-terminal hairpin, and also D425 and D481 on adjacent α-helices. Residues labeled as luminal that seem to be within the membrane bilayer are clustered around the proposed luminal half-channel (Fig. 4A) , implying that, like the cytoplasmic half-channel, this aqueous channel may make residues within the channel accessible to small molecules such as N-ethylmaleimide. The essential R735, as well as several other residues contributing to V-ATPase activity (including H796, R799, and H801), are placed between the two half-channels. These basic residues would interact favorably with the deprotonated glutamate residue of the c 10 -ring. In the F-type ATP synthase performing ATP synthesis, this interaction would be required to ensure that protons, driven by the proton motive force, move from the protonating halfchannel to the deprotonating half-channel via the hydrophobic environment of the lipid bilayer. In the V-ATPase, or F-type ATP synthase performing ATP hydrolysis, this arrangement of amino acids would ensure that ATP hydrolysis-driven rotation of the c-ring also delivers protons from the protonating to the deprotonating half-channel, but this time with the opposite direction of rotation of the c-ring. This model suggests that, despite their variability in function, conserved patterns of charged membrane-embedded residues control proton translocation in all rotary ATPases.
Methods
Protein Purification. V/A-ATPase was purified from T. thermophilus by metal affinity chromatography using an 8× histidine tag at the N terminus of the a subunit (48) as described previously (18), except as noted. Briefly, bacterial membranes were solubilized in buffer (20 mM sodium imidazole, 100 mM sodium chloride, pH 8.0) containing 1% (wt/vol) n-dodecyl β-D-maltoside (DDM) (Anatrace, Inc.) and loaded onto a HisTrap HP column (GE Life Sciences) equilibrated with the same buffer but containing 0.02% DDM. V/A-ATPase was eluted with a linear gradient of imidazole (20-500 mM) in buffer with 0.02% DDM before size exclusion chromatography.
Electron Cryomicroscopy and Image Processing. Purified V/A-ATPase (3.5 μL at 6-8 mg/mL) was applied to nanofabricated holey-carbon film-coated grids with ∼800-nm holes spaced 4 μm apart (49), previously glow-discharged in air for 2 min, and frozen in a liquid ethane/propane mixture in a modified FEI Vitrobot Mark III (50) . Samples were imaged with an FEI Tecnai F20 electron microscope operating at 200 kV and equipped with a Gatan K2 Summit direct detector device in counting mode. Then, 2,335 movies were collected with an exposure of five electrons per pixel per second for 15 s and 0.5 s per frame, and a physical pixel size corresponding to 1.45 Å. For tilt pair analysis, the same conditions were used with 7.5 s for both the untilted movie and the movie where the specimen was tilted to 15°. Movie frames were aligned with alignframes_lmbfgs (51), and CTFFIND3 (52) was used to determine contrast transfer function (CTF) parameters from the aligned and averaged frames. Coordinates corresponding to candidate images of individual V/A-ATPases particles were selected from averaged images with TMaCS (53). Candidate particle images were extracted from unaligned micrograph movies and corrected for local drift with alignparts_lmbfgs (51). A previously measured 2% magnification anisotropy affecting the images and CTF parameters was corrected with correctmaganisotropy_fspace_list and star_fixctfaniso, respectively (54). Candidate particle images were subjected to 2D and 3D classification in Relion (55). Two-dimensional classes displaying distinct features corresponding to intact V/A-ATPase complexes were selected for further analysis. Next, 197,178 and 9,721 particle images were used in Relion to build maps of the V/A-ATPase in the first and second conformation, respectively. A density map of the membrane-integral domain of the S. cerevisiae V-ATPase a subunit was obtained by segmenting, aligning, and averaging the a subunit from cryo-EM maps of V-ATPase (EMD-6284, -6285, and -6286) and V-ATPase:SidK complexes in UCSF Chimera (56) . Freehand tests were performed with Searchrefine_fspace and Fastfreehand, and tilt pair alignment tests were done with aligntest_histogram (57), all of which are available at www.sickkids.ca/research/rubinstein.
Map Analysis and Modeling. Local resolution in the cryo-EM maps was estimated with ResMap (58) and visualized in UCSF Chimera. Homology models were generated with Phyre2 (59). Crystal structures and homology models were fit into density maps using MDFF (60) considering backbone atoms only. For difference maps, the full V/A-ATPase atomic model was converted to a density map with the molmap function in UCSF Chimera. Evolutionarily covarying residues were identified with EVcouplings (24), and the a subunit models were built into the density maps as before (20) . Due to the presence of a large, presumably flexible loop in the S. cerevisiae V-ATPase a subunit (residues 655-707), for which little density was present in the map, this region of sequence was truncated during modeling (connecting H655 to G709). The loop from residues 651 to 711 was modeled separately with no bias for fitting into density. The second-best-scoring loop of 1,000 output structures was added to the model because the best-scoring loop caused clashes with the c 10 -ring. This model was subjected to MDFF and added back to the a subunit model. , and F-type ATP synthase (C) reveal a similar arrangement of residues important for proton translocation. These similarities suggest the locations of the two offset proton half-channels in the V-ATPase (D). A proton (yellow) enters the complex near E721 and S728, which partly form the cytoplasmic half-channel (orange), and neutralizes E137 of a c subunit (red), allowing the c 10 -ring to turn and enabling another proton to leave the complex via the luminal half-channel, which is composed partly of D425, D481, and H743 (blue). The conserved and essential R735 (brown) resides between these two half-channels. (Scale bar: 25 Å.)
